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A family of transmembrane AMPA receptor
regulatory proteins (TARPs) profoundly affects
the trafficking and gating of AMPA receptors
(AMPARs). Although TARP subtypes are differ-
entially expressed throughout the CNS, it is
unclear whether this imparts functional diver-
sity to AMPARs in distinct neuronal popula-
tions. Here, we examine the effects of each
TARP subtype on the kinetics of AMPAR gating
in heterologous cells and in neurons. We report
a striking heterogeneity in the effects of TARP
subtypes on AMPAR deactivation and desensi-
tization, which we demonstrate controls the
time course of synaptic transmission. In addi-
tion, we find that some TARP subtypes dramati-
cally slow AMPAR activation kinetics. Synaptic
AMPAR kinetics also depend on TARP expres-
sion level, suggesting a variable TARP/AMPAR
stoichiometry. Analysis of quantal synaptic
transmission in a TARP g-4 knockout (KO)
mouse corroborates our expression data and
demonstrates that TARP subtype-specific gat-
ing of AMPARs contributes to the kinetics of
native AMPARs at central synapses.
INTRODUCTION
The encoding and processing of information in the brain
depend on the strength and timing of synaptic signaling.
The predominant mechanism for fast excitatory synaptic
transmission in the mammalian central nervous system
is the depolarization of the postsynaptic membrane by
the AMPA receptor (AMPAR) family of glutamate-gated
ion channels. The size of AMPAR-mediated synaptic cur-
rents is primarily determined by the peak concentration ofNeurglutamate in the synaptic cleft, the number of postsynap-
tic AMPARs, and their inherent affinity for glutamate (Bredt
and Nicoll, 2003; Clements, 1996; Kullmann et al., 1999).
In contrast, the shape of synaptic currents is governed
by diverse processes, including the rate of glutamate
clearance (Barbour and Hausser, 1997; Diamond, 2001;
Overstreet et al., 1999; Sargent et al., 2005), the ultrastruc-
ture of the surrounding neuropil (Cathala et al., 2005; Xu-
Friedman and Regehr, 2003), and the gating kinetics of
AMPARs. The biophysical properties of synaptic AMPAR
complexes depend on their molecular identity, with contri-
butions from subunit composition, splice variation, RNA
editing, and posttranslational modification (Jonas, 2000;
Koike et al., 2000; Mosbacher et al., 1994; Swanson
et al., 1997). The mechanisms that govern the trafficking
and gating of synaptic AMPARs are of particular interest
given accumulating evidence that activity-dependent reg-
ulation of these processes provides a molecular basis for
learning and memory (Bredt and Nicoll, 2003; Malinow
and Malenka, 2002; Sheng and Kim, 2002).
AMPARs are composed of heterotetrameric combina-
tions of the subunits GluR1-4. In addition to these pore-
forming subunits, neuronal AMPAR complexes also
contain auxiliary subunits that regulate receptor trafficking
and gating (Nicoll et al., 2006; Osten and Stern-Bach,
2006; Ziff, 2007). This family of transmembrane AMPAR
regulatory proteins (TARPs) consists of its prototypical
member, stargazin (g-2), and the homologous g-3, g-4,
and g-8. Loss of g-2 causes profound deficits in surface
and synaptic AMPAR expression in cerebellar granule
neurons (Hashimoto et al., 1999; Chen et al., 1999), and
loss of g-8 impairs AMPAR expression in hippocampal py-
ramidal neurons (Fukaya et al., 2006; Rouach et al., 2005).
It has been hypothesized, but not rigorously tested, that
overlapping expression of other TARP subtypes in most
neurons functionally compensate for one another (Fukaya
et al., 2005; Tomita et al., 2003). TARPs were originally
identified and discriminated from the homologous pro-
teins g-1 and g-5 based on their ability to rescue the sur-
face expression of native AMPARs in cultured cerebellaron 55, 905–918, September 20, 2007 ª2007 Elsevier Inc. 905
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2003). However, it remains untested whether other TARP
subtypes share the roles of g-2 in targeting AMPARs to
synapses and modulating their channel properties (Chen
et al., 2000; Tomita et al., 2005).
Therefore, we assessed the roles of each TARP subtype
on synaptic targeting and channel gating of AMPARs by
performing electrophysiological recordings in two model
systems: human embryonic kidney (HEK293T) cells and
stargazer cerebellar granule neurons. By rapidly applying
glutamate to outside-out patches from HEK293T cells
expressing AMPARs and TARPs, we determined that
TARP subtypes (g-2, g-3, g-4, and g-8) differentially regu-
late the rates of activation, deactivation, and desensitiza-
tion of AMPARs. Recordings of quantal synaptic AMPAR
currents in stargazer granule cells demonstrate that all
TARP subtypes are sufficient to traffic AMPARs to synap-
ses. Furthermore, the time course of rise and decay of
AMPAR-mediated synaptic currents depends on the sub-
type of associated TARP, and these functional differences
among TARP family members can be attributed to differ-
ences in their first extracellular domain. Finally, we dem-
onstrate that control of synaptic AMPAR gating by TARPs
depends on the level of TARP expression, suggesting that
the number of TARP molecules associated with individual
AMPAR complexes is not fixed.
RESULTS
TARP Subtype Determines the Kinetics of AMPA
Receptors in Heterologous Cells
The key determinant that shapes most excitatory synaptic
currents is the rapid deactivation of AMPARs, which
reflects a change in the conformational state of the recep-
tors and their subsequent unbinding of glutamate (Jonas,
2000; Takahashi, 2005). At some synapses, however, per-
sistent agonist exposure drives AMPARs into a distinct
closed bound conformation, a process referred to as
desensitization (Raman and Trussell, 1995). Having previ-
ously shown that TARP g-2 slows the time courses of both
deactivation and desensitization (Priel et al., 2005; Tomita
et al., 2005), we sought to determine whether other TARP
subtypes also modulate the kinetics of AMPARs. The
AMPAR subunit GluR1 (flip) was expressed in HEK293T
cells with or without individual TARPs. Currents from out-
side-out patches were recorded in response to either 1ms
or 100 ms applications of glutamate to measure deactiva-
tion and desensitization, respectively. Each TARP isoform
prolonged deactivation and desensitization of GluR1 (Fig-
ures 1A and 1B), though themagnitude of the effect varied
greatly among TARP subtypes; g-4 and g-8 affected
deactivation most dramatically (Figures 1A and 1C), and
g-8 had the largest effect on desensitization (Figures 1B
and 1D). For simplicity, the decay times portrayed here
represent weighted time constants calculated from the
area under the peak-normalized response (Cathala et al.,
2005) (see Experimental Procedures). However, currents
were best fit by a sum of two exponential components906 Neuron 55, 905–918, September 20, 2007 ª2007 Elsevier(see Table S1 in the Supplemental Data available online),
which reveal that the effect of TARPs on AMPAR currents
is primarily to promote a slow component of decay. These
results are consistent with a recent report that TARP g-4
modulates AMPAR desensitization more effectively than
g-2 (Korber et al., 2007). In conducting these experiments,
we also observed an unexpected effect of TARPs on the
activation kinetics of GluR1; g-4 and g-8 prolonged the
rise time in response to 1 ms applications of glutamate
nearly 2-fold (Figure 1E). These results demonstrate that
the kinetic regulation of AMPARs by TARPs depends on
TARP subtype.
TARP Subtype Shapes Quantal Synaptic
AMPAR Currents
To compare the above findings to neuronal receptors and
determine the effects of TARPs on the synaptic targeting
of AMPARs, we performed whole-cell voltage-clamp
recordings on dissociated cerebellar granule neurons in
cultures from stargazer mice. This model system has
two essential features: (1) the small cell body and electro-
tonically compact dendritic arbors of cerebellar granule
neurons allow for accurate somatic measurement of the
time course of synaptic currents (Cathala et al., 2005;
Silver et al., 1996), and (2) stargazer cerebellar granule
neurons lack functional TARPs but contain an intracellular
pool of native AMPARs that can be recruited to surface
and synaptic membranes by ectopic TARP expression
(Chen et al., 2000; Tomita et al., 2003). This ‘‘clean’’ back-
ground contrasts with hippocampal pyramidal neurons,
which contain expansive dendrites that extensively filter
synaptic conductances (Magee and Cook, 2000) and
which express multiple TARP isoforms (Tomita et al.,
2003).
In stargazer granule neurons, local perfusion of agonist
fails to evoke a significant AMPAR response (Chen et al.,
2000; Tomita et al., 2003) (Figure 2). However, neurons
transiently transfected with TARPs exhibit robust whole-
cell responses to glutamate comparable in amplitude to
those in wild-type neurons (Chen et al., 2000; Tomita
et al., 2003) (Figure 2). This strongly suggests that TARPs
are expressed at saturating levels and that all available
AMPARs are being delivered to the surface (see Experi-
mental Procedures). In the presence of TTX, brief local
applications of hypertonic sucrose solution evoked asyn-
chronous release of single vesicles of glutamate from the
presynaptic terminals of nearby granule neurons. Result-
ing AMPAR miniature excitatory postsynaptic currents
(mEPSCs) were readily detected in neurons expressing
each of the TARPs g-2, g-3, g-4, and g-8, but not in un-
transfected neurons (Figure 3A). This demonstrates that
each TARP is sufficient for localizing AMPARs at synap-
ses. Notably, the average peak amplitude of the ‘‘res-
cued’’ mEPSCs varied among TARPs (g-3: 10%
increase relative to g-2; g-8: 20% decrease relative to
g-2; see Figure 3B). Because each TARP rescued surface
AMPAR responses to the same extent (Figure 2), these
differences in the size of mEPSCs must either reflectInc.
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TARP Subtype-Specific Control of AMPAR GatingFigure 1. TARP Subtype Determines the Kinetics of GluR1 in HEK293T Cells
(A and B) Average responses of outside-out patches to 1ms (A) or 100ms (B) applications of 1 mM glutamate are normalized and aligned to the peak.
Superimposed responses of individual patches are displayed in gray, and averages across experiments are shown in color. Weighted time constant
values calculated from the area under the peak-normalized response are displayed as mean ± SEM (see Experimental Procedures).
(C) The time course of deactivation is quantified (mean ± SEM), and the average traces across conditions from (A) are superimposed (inset). All TARPs
slowed deactivation of GluR1 (flip) (control: n = 11; g-2: n = 16, p < 0.005; g-3: n = 9, p < 0.0002; g-4: n = 8, p < 0.0001; g-8: n = 8, p < 0.0001), and some
TARPs further slowed deactivation of GluR1 relative to g-2, as indicated by asterisks (g-4: p < 0.001; g-8: p < 0.003).
(D) The time course of desensitization is quantified (mean ± SEM), and the average traces across conditions from (B) are superimposed (inset). All
TARPs slowed desensitization of GluR1 (control: n = 14; g-2: n = 12, p < 0.0003; g-3: n = 9, p < 0.0003; g-4: n = 8, p < 0.002; g-8: n = 13, p <
0.0001), while TARP g-8 further slowed desensitization of GluR1 relative to g-2, as indicated by the asterisk (p < 0.002).
(E) The rise time course in response to 1 ms applications of glutamate is quantified (mean ± SEM), and the average traces across conditions from (A)
are aligned to the 10% rise point and superimposed (inset). Some TARPs slowed activation of GluR1, as indicated by asterisks (g-4: p < 0.0004; g-8:
p < 0.0006).differences in gating or in the ability of different TARPs to
target AMPARs to synapses.
To determine the effects of each TARP subtype on
synaptic AMPAR gating, we measured the rise and decay
kinetics of the recorded mEPSCs. Examination of the
sample records (Figure 3A) clearly shows that the duration
of mEPSCs varies dramatically depending on the subtype
of TARP expressed. This difference is shown more clearly
in the expanded records in Figures 3C and 3D, in which
average mEPSCs from individual cells are displayed in
gray and the averages of all experiments for each condi-
tion are displayed in color. The decay of mEPSCs rescued
with g-3 was slightly, but significantly, faster than g-2,Neurwhereas mEPSCs mediated by g-8 decayed similarly to
g-2. In striking contrast, the mEPSCs rescued with g-4
were dramatically slower than g-2 (Figures 3A–3D). As
with the patch data, decay times reflect a weighted decay
measure (see Experimental Procedures). A detailed anal-
ysis of double-exponential fits to the mEPSC data is pre-
sented in Table S2. Close examination of mEPSC rise
times also reveals differences among the various TARPs
(Figure 3E), corroborating the aforementioned effect on
activation kinetics observed in HEK293T cells. That the
effects of g-3 and g-8 relative to g-2 differ in granule neu-
rons as compared to heterologously expressed GluR1
suggests a contribution fromAMPAR subunit compositionon 55, 905–918, September 20, 2007 ª2007 Elsevier Inc. 907
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TARP Subtype-Specific Control of AMPAR Gatingin the control of channel gating by TARPs, as recently
reported (Kott et al., 2007).
TARPs Dose-Dependently Control Synaptic
AMPAR Gating
In stargazer heterozygote (+/stg) neurons, whole-cell AM-
PAR-mediated responses to glutamate were reduced by
half compared to wild-type (Figure 2) and the amplitudes
of mEPSCs were also clearly reduced (Figures 4A and
4B), consistent with a model in which the expression level
of TARP is limiting for the delivery of AMPARs to the sur-
face and synaptic membranes. Unexpectedly, overex-
pression of g-2 in stg/stg granule neurons resulted in
mEPSCs that were dramatically slowed compared to
wild-type neurons (Figures 4C and 4D), which only ex-
press TARP g-2. Expression of g-2 in wild-type neurons
also slowed AMPAR mEPSCs to a similar extent (data
not shown), ruling out the possibility of some deficit in
synapse formation or maintenance in stg/stg neurons.
Furthermore, mEPSCs in +/stg neurons were slightly but
significantly faster than wild-type (Figures 4C and 4D).
These differences are particularly evident when compar-
ing the values obtained from fitting average mEPSCs
with a double-exponential function (see Table S2). Differ-
ences in rise time in these experiments were small
(Figure 4E).
Given that AMPARs in granule neurons absolutely re-
quire TARP association for surface and synaptic localiza-
Figure 2. Surface AMPAR Expression in Cerebellar Granule
Neurons
(A) Representative whole-cell responses to the local application of 500
mM glutamate + 500 mM trichloromethiazide (TCM), which blocks
AMPAR desensitization, demonstrate that ectopic TARP expression
rescues surface AMPAR responses in stg/stg granule neurons.
(B) Whole-cell responses are quantified (mean ± SEM). All TARP sub-
types rescued surface AMPAR responses in stg/stg granule neurons to
wild-type levels (stg/stg: n = 25; g-2: n = 29; g-3: n = 24; g-4: n = 20;
g-8: n = 17; Wilcoxon tests, p < 0.0001). Responses were reduced
in +/stg neurons (n = 20) compared to +/+ (n = 15), p < 0.0001.908 Neuron 55, 905–918, September 20, 2007 ª2007 Elsevier Intion (Chen et al., 2000; Hashimoto et al., 1999), what
mediates this dependence of AMPAR kinetics on TARP
expression level?One interesting possibility is that individ-
ual AMPAR complexes can associate with more than one
TARP molecule, depending on the availability of TARP.
Accordingly, the relative expression level of TARP and
AMPAR in neurons determines the number of TARPs
associated with single AMPAR complexes, which in turn
influences synaptic AMPAR gating and the time course
of synaptic transmission. Alternatively, increased expres-
sion levels of TARPs could selectively traffic different
populations of AMPARswith intrinsically different kinetics.
Indeed, a recent report demonstrated that flop splice
variants of AMPARs contain an ER retention signal that
reduces their surface expression compared to flip splice
variants in heterologous cells (Coleman et al., 2006). In
that study, the surface delivery of flop AMPAR subunits
could be facilitated by coexpression either with flip
AMPAR subunits or with TARP g-2. In order to test the
possibility that differences in the relative surface expres-
sion levels of flip and flop AMPAR splice variants mediates
the differences in AMPAR gating observed in Figure 4, we
conducted a functional assay of AMPAR splice variation
using pharmacology. While cyclothiazide (CTZ) reduces
desensitization and potentiates peak glutamate re-
sponses selectively on flip AMPARs, 4-[2-(phenylsulfonyl-
amino)-ethylthio]-2,6-difluoro-phenoxyacetamide (PEPA)
acts selectively on flop AMPARs. These drugs have
previously been used to detect relative differences in the
expression of flip and flop AMPARs in distinct neuronal
populations (Sekiguchi et al., 1998). We recorded whole-
cell responses to glutamate in cultured granule neurons,
first in the presence of CTZ, and then in the presence of
PEPA, and calculated PEPA/CTZ ratios from the resulting
current amplitudes (see Figure S1). This ratio was near
unity, indicating substantial contributions from both flip
and flop AMPARs, and did not differ between wild-type,
+/stg, and g-2 in stg/stg. Therefore, the dependence of
synaptic AMPAR kinetics on TARP expression level does
not reflect differences in the surface expression of distinct
AMPAR splice variants. Rather, these data favor the
hypothesis that AMPARs associate with TARPs with a
variable stoichiometry. Further studies in heterologous
systems as well as detailed structural analyses of TARP/
AMPAR interactions will likely be required to validate this
possibility.
TARP Subtype and Expression Level Control
AMPAR Agonist Affinity
To determine how the various TARPs differentially modu-
late AMPAR channel kinetics, we examined the effect of
TARP subtype on the apparent affinity for agonist in gran-
ule cells. We recorded whole-cell responses to the local
application of various concentrations of the nondesensi-
tizing agonist kainate. A typical experiment is shown in
Figure 5A, and the resulting dose-response relationships
are shown in Figures 5B and 5C. The kainate EC50 values
for surface AMPARs depends on the subtype ofc.
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(A) Sample records demonstrate that each TARP subtype is sufficient to restore the synaptic localization of native AMPARs in stg/stg granule neurons.
(B) mEPSC amplitude depends on TARP subtype (Kolmogorov-Smirnov comparisons to g-2: n = 40; g-3: n = 25, p < 0.007; g-4: n = 18, n.s.; g-8: n =
14, p < 0.001). Cumulative distributions are displayed as mean ± SEM, and averages of mEPSCs are aligned to the peak and superimposed (inset).
(C) Average mEPSCs are normalized and aligned to the peak. Average mEPSCs from individual neurons are displayed in gray, and averages of all
experiments for each condition are shown in color. Weighted time constant values calculated from the area under the peak-normalized current
are displayed as mean ± SEM (see Experimental Procedures).
(D) mEPSC decay depends on TARP subtype (Kolmogorov-Smirnov comparisons to g-2; g-3: p < 0.001; g-4: p < 0.001; g-8: n.s.). Cumulative dis-
tributions are displayed as mean ± SEM, and average mEPSCs across conditions from (C) are aligned to the peak and superimposed (inset).
(E) mEPSC rise depends on TARP subtype (Kolmogorov-Smirnov comparisons to g-2; g-3: p < 0.001; g-4: p < 0.001; g-8: p < 0.001). Cumulative
distributions are displayed as mean ± SEM, and average mEPSCs across conditions from (C) are aligned to the 10% rise point and superimposed
(inset).associated TARP (see Figure 5B and Table S3). These
values correlate closely with the effects of each TARP on
mEPSC decay—the faster decay of AMPARs associated
with g-3 is coupled with a higher kainate EC50, while the
slower decay mediated by g-4 is coupled with a lower
EC50. It is worth noting that the peak responses to saturat-
ing kainate (3 mM) did not differ significantly between
TARPs (Table S3), suggesting that previously reported dif-
ferences between TARPs in the ratio of kainate to gluta-
mate responses measured at steady-state with subsatu-
rating agonist concentrations (Tomita et al., 2005) likely
reflect multiple processes, including relative differences
in the apparent affinity of AMPARs for kainate, and the de-
gree of steady-state desensitization in response to gluta-Neurmate. Furthermore, TARP g-4 significantly reduced the Hill
coefficient calculated from the shape of the kainate dose-
response relationship (Table S3). This effect of TARPs has
also been reported in heterologous systems (Priel et al.,
2005; Tomita et al., 2005) andmay indicate that TARPs re-
duce the number of agonist molecules that must be bound
to effectively open the AMPAR channel.
The apparent affinity of these native AMPARs for ago-
nist also depended on the expression level of TARP g-2
(Figure 5C), with differences in kainate EC50 again corre-
sponding to differences in mEPSC decay for wild-type,
+/stg, and g-2-expressing stg/stg neurons. Notably, over-
expression of g-2 also resulted in a substantial increase
in the peak response to saturating kainate relative toon 55, 905–918, September 20, 2007 ª2007 Elsevier Inc. 909
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(A) Sample records demonstrate that characteristics of quantal synaptic AMPAR currents vary with the expression level of g-2.
(B) mEPSC amplitude depends on TARP expression level (Kolmogorov-Smirnov comparisons to wild-type [+/+]: n = 22; +/stg: n = 28, p < 0.001; g-2 in
stg/stg: n = 40, p < 0.001). Cumulative distributions are displayed as mean ± SEM, and averages of mEPSCs are aligned to the peak and superim-
posed (inset).
(C) Average mEPSCs are normalized and aligned to the peak. Average mEPSCs from individual neurons are displayed in gray, and averages of all
experiments for each condition are shown in color (g-2 in stg/stg data from Figure 3C is replotted on a different timescale for comparison). Weighted
time constant values calculated from the area under the peak-normalized current are displayed as mean ± SEM (see Experimental Procedures).
(D) mEPSC decay depends on TARP expression level (Kolmogorov-Smirnov comparisons to wild-type [+/+]; +/stg: p < 0.004; g-2 in stg/stg: p <
0.001). Cumulative distributions are displayed as mean ± SEM, and average mEPSCs across conditions from (C) are aligned to the peak and super-
imposed (inset).
(E) mEPSC rise is independent of TARP expression level (Kolmogorov-Smirnov comparisons to wild-type [+/+]; +/stg: n.s.; g-2 in stg/stg: n.s.).
Cumulative distributions are displayed asmean ± SEM, and average mEPSCs across conditions from (C) are aligned to the 10% rise point and super-
imposed (inset).wild-type (Table S3), indicating that the potency of this
partial agonist is also TARP dose dependent.
TARP Subtype-Specific Gating of AMPARs
Depends on a TARP Extracellular Domain
Given the profound differences in kinetics observed for
mEPSCs rescued with the various TARPs, we sought to
determine the molecular mechanism for TARP subtype-
specific control of AMPAR gating. Previous studies using
chimeras between g-2 and the inactive homolog g-5 dem-
onstrated that the first extracellular domain (Ex1) of g-2 is
important for its effects on AMPAR gating and pharmacol-
ogy (Tomita et al., 2005). We therefore generated a series
of chimeras in which the Ex1 domains of distinct TARP
subtypes were exchanged. Specifically, we replaced the
Ex1 domain of g-2 with that of g-4 (g-2x4) and vice versa910 Neuron 55, 905–918, September 20, 2007 ª2007 Elsevier I(g-4x2), and replaced the Ex1 domain of g-3 with that of
g-8 (g-3x8) and vice versa (g-8x3). All four of these chime-
ric TARPs rescued surface AMPAR responses (data not
shown) as well as AMPAR mEPSCs in stargazer granule
neurons (Figure 6A). mEPSCs mediated by g-2x4 dis-
played the slow decay kinetics normally associated with
g-4, while g-4x2 produced the fast decay kinetics associ-
ated with g-2 (Figures 6C and 6D). Remarkably, differ-
ences in the rise kinetics of AMPARs imparted by g-2
and g-4 were also reversed by replacement of this Ex1 do-
main (Figure 6E). While mEPSC amplitudes did not differ
between g-2 and g-4 (see Figures 3A and 3B), they did
for g-2x4 and g-4x2 (Figures 6A and 6B). This agrees
with previous work demonstrating that the Ex1 domain
can influence the peak amplitude of synaptic responses
(Tomita et al., 2005). The rise and decay phenotypes ofnc.
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TARP Subtype-Specific Control of AMPAR GatingTARPs g-3 and g-8 were also reversed for the chimeras
g-3x8 and g-8x3. Although the weighted decay constant
is similar for g-2x4 and g-3x8 (Figures 6C and 6D), the
time course and relative contribution of a slow component
of decay are different, suggesting subtle differences in the
mechanisms by which these Ex1 domains influence
AMPAR kinetics. These results indicate that Ex1 is a criti-
cal determinant of TARP subtype-specific gating of
AMPARs.
Figure 5. AMPAR Agonist Dose-Response Relationship
Depends on TARP Subtype and Expression Level
(A) Example of a typical experiment in which different concentrations of
kainate were applied via a local perfusion barrel to an stg/stg granule
neuron expressing g-2. Saturating concentration (3 mM) was applied
at the start and finish of the concentration ladder to exclude the
possibility of run-down.
(B) AMPAR affinity for kainate depends on TARP subtype. EC50 values
are displayed as mean ± SEM for g-2: n = 8; g-3: n = 12; g-4: n = 12;
g-8: n = 7. Asterisks indicate statistical significance relative to TARP
g-2 (*p < 0.0001).
(C) AMPAR affinity for kainate depends on TARP expression level.
EC50 values are displayed as mean ± SEM for wild-type (+/+): n = 12;
+/stg: n = 12; g-2 in stg/stg: n = 12. Symbols indicate statistical signi-
ficance relative to wild-type (+/+) (#p < 0.03, ##p < 0.001).NeurModeling the Kinetic Regulation of AMPARs
by TARPs
We were intrigued by the evident sufficiency of a single
TARP extracellular domain for the TARP subtype-specific
control of AMPAR channel kinetics, so we employed
a mathematical model to gain insight into the underlying
mechanisms. We modified a recently proposed kinetic
scheme (Zhang et al., 2006) (depicted in Figure 7A) and
used a least-square error optimization algorithm to fit
our deactivation and desensitization data from GluR1
patches with and without TARPs. The following experi-
mental observations placed limits on the model’s transi-
tion rates: (1) TARPs increase agonist affinity, but do not
appear to slow agonist unbinding (Turetsky et al., 2005);
(2) TARPs increase the rate of recovery from desensitiza-
tion (Priel et al., 2005; Turetsky et al., 2005); (3) TARPs
increase channel opening probability during prolonged
agonist application without changing open times (Tomita
et al., 2005); and (4) TARPs slow current decay by increas-
ing the relative contribution and time course of a slow
component of decay (Zhang et al., 2006) (this study).
The resulting simulated responses to 1 ms or 100 ms
square pulses of 1 mM glutamate for GluR1 alone, GluR1
+ g-2, and GluR1 + g-4 are shown in Figures 7B–7D. The
fitted rate constants and calculated time constants of
deactivation, desensitization, and rise are provided in
Table 1. Comparison to the experimental data in Figures
1A–1E shows that our model predicts well these features
of AMPARs and their differential control by TARPs g-2
and g-4.
What does this model tell us about the actions of TARPs
on AMPARs? As shown in Figure 7A, before the gluta-
mate-bound receptor, RG, can open, a structural rear-
rangement of the ligand-binding domain must occur.
This ‘‘cleft closure’’ step allows the receptor to ‘‘trap’’
glutamate in a state from which it cannot readily unbind,
denoted C1. Both channel opening and desensitization
can occur from this ‘‘closed cleft’’ conformation. To ac-
count for the multiple exponential components of decay
displayed by the AMPAR when associated with TARPs,
this model also includes a second closed state, C2, that
results from a presumed conformational shift from C1.
The parameters that result from fitting this model to our
data (see Table 1) indicate that the primary effect of
TARP association is to stabilize the closed-bound confor-
mations C1 and C2 by altering the rates in and out of these
states. While the closed conformation C2 is extremely un-
stable (fast CS1) and rarely populated (slow CS+1) in the
absence of TARP, association with TARP stabilizes this
conformation of the receptor (decreases CS1) and
increases its relative occupancy (increases CS+1). Ac-
cordingly, g-4 effects these changes to a greater degree
than g-2, which corresponds to their relative difference
in slowing AMPAR decay. Furthermore, these simple
rate changes also fully account for the effect of g-4 on
AMPAR activation (see Figure 7D). By increasing the num-
ber of channels that sequentially pass through the closed
states C1 and C2 before opening, g-4 prolongs the latencyon 55, 905–918, September 20, 2007 ª2007 Elsevier Inc. 911
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TARP Subtype-Specific Control of AMPAR GatingFigure 6. First Extracellular Domain Mediates TARP Subtype-Specific Gating of AMPA Receptors
(A) Sample records demonstrate that chimeric TARPs in which the extracellular domain (Ex1) of g-2 and g-4 are swapped (g-2x4 and g-4x2) or the Ex1
of g-3 and g-8 are swapped (g-3x8 and g-8x3) are able to restore the synaptic localization of native AMPARs in stg/stg granule neurons.
(B) mEPSC amplitude depends on TARP Ex1 (Kolmogorov-Smirnov tests, g-2x4: n = 11 versus g-4x2: n = 14, p < 0.001; g-3x8: n = 13 versus g-8x3:
n = 14, p < 0.001). Cumulative distributions are displayed asmean ± SEM, and averages of mEPSCs are aligned to the peak and superimposed (inset).
(C) Average mEPSCs are normalized and aligned to the peak. Average mEPSCs from individual neurons are displayed in gray, and averages of all
experiments for each condition are shown in color. Weighted time constant values calculated from the area under the peak-normalized current
are displayed as mean ± SEM (see Experimental Procedures).
(D) mEPSC decay depends on TARP Ex1 (Kolmogorov-Smirnov tests, g-2x4 versus g-4x2, p < 0.001; g-3x8 versus g-8x3, p < 0.001). Cumulative
distributions are displayed as mean ± SEM, and average mEPSCs across conditions from (C) are aligned to the peak and superimposed (inset).
(E) mEPSC rise depends on TARP Ex1 (Kolmogorov-Smirnov tests, g-2x4 versus g-4x2, p < 0.001; g-3x8 versus g-8x3, p = 0.008). Cumulative
distributions are displayed as mean ± SEM, and average mEPSCs across conditions from (C) are aligned to the 10% rise point and superimposed
(inset).before channels open after binding glutamate, which
slows the time to peak response. Although our previous
study suggested that a simple increase in the channel
opening rate, b, could fully account for the effects of
TARPs on AMPAR kinetics (Tomita et al., 2005), within
the current framework, increasing b leads to a speeding
of activation kinetics. However, it is important to note
that stabilizing the closed state C2 does increase the prob-
ability of opening at steady-state, as b is large compared
to the other rates away from this state. A simple decrease
in the unbinding rate of glutamate, k1, was also not suffi-
cient to account for our data.912 Neuron 55, 905–918, September 20, 2007 ª2007 Elsevier InTARP Subtype-Specific Gating of AMPARs
Contributes to Endogenous AMPAR Kinetics
at a Central Synapse
Given the dramatically slow mEPSCs observed in star-
gazer cerebellar granule cells overexpressing TARP g-4,
and the dependence of AMPAR gating on TARP expres-
sion level, we wondered whether endogenous g-4 confers
slow kinetics to synaptic AMPARs in the brain. To address
this, we generated a g-4 knockout (/) mouse by dis-
rupting the g-4 gene through homologous recombination
in embryonic stem cells (Figures S2A and S2B). Immuno-
precipitation of brain protein extracts with a g-4-selectivec.
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that g-4 protein was absent in g-4/ mice (Figure S2C).
Immunohistochemical staining of sagittal sections of brain
for GluR1 and GluR2/3 showed no obvious difference be-
tween g-4/ and wild-type mice (data not shown). g-4 is
expressed transiently throughout the developing brain,
with especially high levels in the striatum (Fukaya et al.,
2005; Tomita et al., 2003). Therefore, we initially recorded
quantal synaptic AMPAR currents from medium spiny
neurons (MSNs) in the dorsolateral striatum of neonatal
animals (P5–P6). mEPSC amplitudes were reduced in
g-4/ neurons as compared to wild-type (Figures 8A
and 8B), suggesting that this TARP normally participates
in the synaptic targeting of AMPARs at this developmental
stage. Furthermore, both the decay and rise time of
mEPSCs were significantly faster in g-4/ neurons
(Figures 8C and 8D). This suggests that the remaining syn-
aptic AMPARs are associated with other TARPs that do
not slow the decay or rise of AMPARs to the same extent
as g-4. The effects of loss of g-4 on synaptic AMPAR
kinetics decline with age in parallel with the decreased
expression of g-4, as mEPSCs recorded from striatal
neurons in g-4/ and wild-type mice at P14–P16 were
identical (Figure S3). Interestingly, although the loss of
g-4 accelerated mEPSC decay in young animals,
mEPSCs in both genotypes slowed with age (compare
Figures 8C and 8Dwith Figures S3C and S3D). This devel-
Figure 7. A Simple Kinetic Model of TARP Control of AMPAR
Gating
(A) Diagram illustrating the kinetic scheme used to model the response
of AMPAR channels to brief pulses of glutamate.
(B) Simulated responses of GluR1 alone, GluR1 + g-2, and GluR1 + g-4
to a 1 ms square pulse of glutamate. Traces are scaled and aligned to
the peak to illustrate the time course of deactivation.
(C) Simulated responses of GluR1 alone, GluR1 + g-2, and GluR1 + g-4
to a 100 ms square pulse of glutamate. Traces are scaled and aligned
to the peak to illustrate the time course of desensitization.
(D) Simulated responses of GluR1 alone, GluR1 + g-2, and GluR1 + g-4
to a 1ms square pulse of glutamate from (B) are aligned to the 10% rise
point to illustrate the time course of activation.Neuropmental slowing of mEPSCs occurred in parallel with
a decreasing input resistance (Figure S4) and likely re-
flects increased filtering due to the elaboration of the den-
dritic tree (Magee and Cook, 2000) rather than changes in
the channel properties of AMPARs. These results demon-
strate that functional heterogeneity in the control of
AMPAR gating by TARP subtypes must be considered in
order to fully account for the kinetics of AMPARs in popu-
lations of neurons that differentially expressmultiple TARP
isoforms.
DISCUSSION
In this study, we demonstrate a striking diversity in the reg-
ulation of the biophysical properties of AMPARs by TARP
auxiliary subunits. We discovered unexpected differences
in the control of AMPAR activation, deactivation, and de-
sensitization by TARP subtypes that were not predicted by
previous analyses of steady-state currents in response to
prolonged exposure to agonists (Kott et al., 2007; Tomita
et al., 2005). We also demonstrate that all TARP subtypes
are sufficient to traffic AMPARs to synapses and that their
differential regulation of channel kinetics manifests in the
shape of synaptic responses. Finally, we use a g-4 knock-
out mouse to show that developmental regulation of TARP
Table 1. Parameters for Kinetic Model of Regulation of
AMPARs by TARPs
GluR1 Alone GluR1 + g-2 GluR1 + g-4
a 6000 s1
b 10000 s1
k+1 1x10
7 M1s1
k1 5x10
4 s1
CC 36500 s1 25000 s1 12500 s1
CO 4550 s1 2500 s1 1750 s1
CS+1 300 s
1 1000 s1 10000 s1
CS1 10000 s
1 3400 s1 4200 s1
d1 1100 s
1
g1 1 s
1 10 s1
d2 300 s
1
g2 10 s
1
tdeactivation 1.15 ms 1.73 ms 3.31 ms
tdesensitization 3.77 ms 6.37 ms 7.71 ms
trise 0.26 ms 0.30 ms 0.46 ms
The rate constants refer to the model depicted in Figure 7A.
When values are omitted in the table, the corresponding value
for GluR1 alone was used. tdeactivation and tdesensitization were
calculated from the simulated current traces shown in Figures
7B and 7C by measuring the area under the peak-normalized
curve (see Experimental Procedures), and trise was calculated
by measuring the 20%–80% rise time of the simulated traces
shown in Figure 7D.on 55, 905–918, September 20, 2007 ª2007 Elsevier Inc. 913
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TARP Subtype-Specific Control of AMPAR GatingFigure 8. Deficits in Synaptic AMPAR Function in Striatum of Neonatal TARP g-4 Knockout Mice
(A) Sample records demonstrate that quantal synaptic AMPAR transmission is altered in MSNs in the neonatal (P5–P6) striatum in g-4/ mice.
(B) mEPSC amplitude is reduced in g-4/mice (Kolmogorov-Smirnov test, +/+: n = 22 versus g-4/: n = 22, p < 0.001). Cumulative distributions are
displayed as mean ± SEM, and representative averaged mEPSCs are aligned to the peak and superimposed (inset).
(C) Representative averaged mEPSCs are normalized to the peak (solid lines), and the decay phase is fit with a single-exponential function (broken
lines). The corresponding decay time constant values are displayed.
(D) mEPSC decay is accelerated in g-4/ mice (Kolmogorov-Smirnov test, p < 0.001). Cumulative distributions are displayed as mean ± SEM, and
the representative averaged mEPSCs from (C) are aligned to the peak and superimposed (inset).
(E) mEPSCs rise is accelerated in g-4/mice (Kolmogorov-Smirnov test, p < 0.001). Cumulative distributions are displayed as mean ± SEM, and the
representative averaged mEPSCs from (C) are aligned to the 10% rise point and superimposed (inset).subtype expression contributes to the endogenous kinet-
ics of synaptic AMPARs.
Importantly, the differential control of AMPAR decay by
TARP subtypes is apparent for a variety of AMPAR subunit
compositions, including heterologous GluR1 (flip) and
native AMPARs in both cerebellar granule cells and striatal
MSNs. Granule cells express predominantly heteromers
of GluR2 and GluR4 (both flip and flop) (Mosbacher
et al., 1994), and MSNs express heteromers of GluR1,
GluR2, and GluR3 (Vorobjev et al., 2000). Consistent
with a recent report that demonstrated contributions by
AMPAR subunit composition to the regulation of AMPARs
by TARPs (Kott et al., 2007), we observed subtle differ-
ences in the effects of the TARPs g-3 and g-8 on AMPARs
in granule cells as compared to GluR1 homomers. We
recently reported that g-7 shares many characteristics of
TARPs, including a slowing of AMPAR deactivation and
desensitization (Kato et al., 2007). However, this TARP
only rescued AMPAR surface currents in stargazer granule
cells to a small extent. No synaptic currents could be
detected in these experiments (n = 24, data not shown),
so we were unable to further characterize the effect of
this protein on AMPAR properties.914 Neuron 55, 905–918, September 20, 2007 ª2007 Elsevier InWe also observed an unexpected effect of some TARP
subtypes on the activation kinetics of AMPARs.While a re-
lationship between agonist affinity and rise time is estab-
lished for NMDA receptors (Lester and Jahr, 1992; Pan
et al., 1993), the kinetics of AMPAR activation have re-
ceived relatively little consideration (but see Clements
et al., 1998) due to two confounds: (1) AMPAR activation
occurs rapidly, on the same timescale as solution
exchange in fast-application experiments (hundreds of
microseconds), and (2) the rise times ofmEPSCs recorded
from neurons with extensive dendrites vary considerably
depending on the distance of the activated synapse
from the cell body (Magee and Cook, 2000). For these rea-
sons, it is critical for our interpretation of the patch data
that the same effects of TARPs g-4 and g-8 on AMPAR
activation kinetics were also evident in recordings of
mEPSCs from cultured cerebellar granule neurons, which
have extremely short, electrotonically compact dendrites
(Cathala et al., 2005; Silver et al., 1996).
Our experiments in stargazer cerebellar granule neurons
revealed that neurons expressing low levels of TARP dis-
play mEPSCs with a rapid time course, and neurons
expressing saturating levels of TARP exhibit mEPSCsc.
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biochemical assays have not detected TARPs of more
than one subtype associated with single AMPAR com-
plexes (Tomita et al., 2003), a recent single-particle
electron microscopy study detected at least two TARP
intracellular domains associated with purified native
AMPAR complexes (Nakagawa et al., 2005; T. Nakagawa,
personal communication). The nature of the interaction
between TARPs and AMPARs is not well understood,
though it appears to involve extracellular as well as trans-
membrane and intracellular domains (Tomita et al., 2004,
2005). Whether this interaction is permissive for more than
two TARP molecules to associate with single AMPARs is
unknown. Regardless of the actual stoichiometry of
TARPs and AMPARs, our data suggest it can vary, de-
pending on the availability of TARP. While minimal TARP
binding appears sufficient to traffic AMPARs to the sur-
face and to the synapse, incorporation of additional
TARPs progressively increases agonist affinity and current
decay. Interestingly, studies of other ion channels have
shown that auxiliary subunits can regulate trafficking and
gating separately and with differing dose dependencies
(Canti et al., 2001; Wang et al., 2002). Whether modulation
of TARP expression level is a mechanism whereby
neurons can acutely regulate synaptic transmission is
unknown. However, it has been shown in a number of
brain areas that the kinetics of AMPAR EPSCs undergo
changes during postnatal development (Takahashi,
2005). Whereas this may reflect diverse mechanisms,
ranging from changes in AMPAR subunit composition to
changes in the time course of glutamate in the synaptic
cleft (Cathala et al., 2005; Wall et al., 2002), our data sug-
gest that changes in TARP subtype and TARP expression
level could also contribute.
What processes underlie the complex kinetics of
AMPARs and their regulation by TARP auxiliary subunits?
Structural studies suggest that interactions between adja-
cent subunits within an AMPAR complex participate in
conformational changes that follow agonist binding but
precede channel opening (Hansen et al., 2007; Horning
and Mayer, 2004; Sun et al., 2002). Accordingly, agonists
of varying chemical structure differ in their ability to induce
such changes in conformation (Armstrong and Gouaux,
2000). The kinetic model that we extend here was
proposed by Zhang et al. to explain the behavior of four
AMPAR agonists of varying affinity that produce profound
differences in kinetics (Zhang et al., 2006). This model pre-
dicts that differences in the relative stabilities of multiple
closed ligand-bound conformations of the receptor
produce differences in affinity as well as deactivation
and desensitization. Here, we demonstrate that these
same effects of TARPs on AMPAR gating, as well as the
additional effects of slowing activation and speeding re-
covery from desensitization, are also well accounted for
by changes in the rate constants between closed ligand-
bound states of the receptor. As with any simple model,
ours does not quantitatively describe certain aspects of
AMPAR function, and other sets of rate constants couldNeulikely fit the data. Ultimately, accounting for multiple gluta-
mate binding sites and multiple open states with varying
conductance is needed to fully describe AMPAR single-
channel activity and the time course of recovery from de-
sensitization (Robert et al., 2005; Robert and Howe, 2003).
Nevertheless, our modeling provides a framework to un-
derstand how TARPs can allosterically modulate diverse
properties of AMPARs.
What is the functional relevance of TARP subtype-
specific control of AMPAR gating to synaptic transmission?
To address this question, we focused on TARP g-4, which
caused the most dramatic effects on AMPAR kinetics in
our expression systems.Wegenetically deletedg-4 and an-
alyzed synaptic transmission inMSNs in the striatum,which
express high levels of g-4. The rise and decay of AMPAR
mEPSCs were significantly faster in g-4/, demonstrating
that its unique effects are pertinent at physiological expres-
sion levels. By slowing both the rise and decay phases of
AMPAR EPSCs, g-4 maximizes the total charge transfer
through postsynaptic AMPARs in response to single vesi-
cles of transmitter. Given that g-4 is widely expressed in
brain during early development, this TARP could play
a role in the initial formation of synapses, possibly by pro-
viding neurons with a highly sensitive reporter of presyn-
aptically released glutamate. However, as neurons mature,
recruitingTARP/AMPARcomplexeswith fasterdecaykinet-
ics to synapses may allow for the temporal precision
required for neuronal circuit function (Hausser and Clark,
1997). Furthermore, the slowcomponent of decay imparted
to AMPARs by TARPs will likely influence the activation of
synaptic NMDARs, which depend on local depolarization
of the synaptic membrane (Kampa et al., 2004). In this
manner, TARP subtypes could potentially influence the
degree to which individual synapses can undergo activity-
dependent changes in synaptic strength.
Taken together, the results presented here provide
a clear demonstration that the TARP family of AMPAR
auxiliary subunits confers a remarkable heterogeneity to
the channel behavior of native AMPARs. Interestingly,
recent studies have begun to uncover unexpected hetero-
geneity and synapse specificity in the localization of the
PSD-MAGUK proteins that cluster TARP/AMPAR com-
plexes at synapses through a PDZ interaction (Bats
et al., 2007; Beique et al., 2006; Chen et al., 2000; Elias
et al., 2006; Schnell et al., 2002). Furthermore, AMPARs
of varying subunit composition have been shown to be dif-
ferentially trafficked to distal versus proximal synapses
(Andrasfalvy et al., 2003). It will be of interest to determine
whether a similar synapse specificity is displayed in the
localization of individual TARP subtypes within neurons
that express multiple TARP isoforms.
EXPERIMENTAL PROCEDURES
Plasmid Constructs
cDNAs encoding rat g-2, g-3, g-4, and g-8 used in previous studies
(Rouach et al., 2005; Tomita et al., 2003) were subcloned by PCR
into the EcoR1 and Sal1 restriction sites of the vector pIR2-EGFPron 55, 905–918, September 20, 2007 ª2007 Elsevier Inc. 915
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EGFP via an internal ribosome entry site (IRES) under the control of
a strong CMV promoter. In order to normalize the expression levels
of each TARP subtype, a Kozak translational start sequence was engi-
neered before the start codon in the cDNAs encoding each TARP.
Transfected cells were detected by EGFP fluorescence, which was
equivalent for each TARP subtype expressed. No correlations were
found between apparent EGFP fluorescent intensity, whole-cell
currents, or mEPSC amplitudes or decay times for any construct,
suggesting that the ectopic TARP expression in neurons shown in
this study reflects saturation with respect to the low endogenous
expression of AMPARs in cultured cerebellar granule neurons. cDNA
encoding rat GluR1 (flip) was subcloned by PCR into the EcoR1 and
Sal1 restriction sites of a modified version of the vector pIR2 where
the EGFP was replaced by the monomeric red fluorescent protein
mCherry (Shaner et al., 2004) (originally acquired from Roger Tsien
and subcloned by PCR into pIR2 by Susan Voglmaier). This allowed
for the visual detection of HEK293T cells coexpressing GluR1-IRES-
mCherry with TARP-IRES-EGFP.
Electrophysiology
Complete descriptions of the conditions whereby HEK293T and disso-
ciated granule neurons were maintained in culture as well as the
solutions used for electrophysiological recordings, the systems used
for local solution exchange, and transfection procedures were pro-
vided in a recent report (Kato et al., 2007). Recordings were collected
using an Axopatch 1D amplifier (Axon Instruments), filtered at 2 kHz,
digitized using hardware from National Instruments, and analyzed
online using custom software in Igor Pro (Wavemetrics). Outside-out
patch recordings were sampled at 50 kHz, while all neuronal record-
ings were sampled at 10 kHz. While the extremely low noise in record-
ings from cultured granule cells allowed us to obtain good exponential
fits to the raw data without further filtering, a binomial smoothing filter
was applied to average currents from outside-out patch recordings as
well as averaged mEPSCs from acute slices of the striatum prior to
analysis to improve the quality of exponential fits. Electrophysiological
recordings of striatal MSNs in acute coronal slices were performed
with an external solution containing (in mM) 119 NaCl, 2.5 KCl, 2.5
CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26.2 NaHCO3, and 11 D-glucose (all
from Sigma) and an internal solution containing (in mM) 115 CsMeSO4,
20 CsCl2, 10 HEPES, 2.5 MgCl2, 4 NaATP, 0.4 NaGTP, and 0.6 EGTA
(all Sigma) (pH 7.2). 100 mMpicrotoxin (Sigma) was included in the bath
to block GABAergic IPSCs, and 0.5 mM TTX (Ascent Scientific, Tocris
or Sigma) to prevent action potential-evoked EPSCs. In some record-
ings, 100 mM D-APV (Tocris) was included to block NMDARs but did
not significantly affect the decay times of mEPSCs at either age range
recorded (P5–P6 and P14–P16), so data were pooled from recordings
performed with and without D-APV. mEPSCs were evoked by the local
application of 200 mM sucrose (Sigma) dissolved in external solution.
Pipette resistances for these experiments were typically3–5 MU and
series resistances 15–20 MU. Only recording epochs in which series
and input resistances varied less than 10% were analyzed. Mono-
sodium glutamate was obtained from Sigma, kainic acid from Ascent
Scientific or Tocris, TCM from Sigma, CTZ from Ascent Scientific or
A.G. Scientific, and PEPA from Sigma.
Data Analysis
Average currents obtained from the outside-out patch and granule cell
mEPSC experiments were best fit by a double-exponential function
with the form
IðtÞ= I0 +Afaste

t
tfast

+Aslowe

t
tslow

:
To simplify the comparison of decay times across conditions, a sin-
gle weighted decay measure was calculated from the area under the
peak-normalized current (Cathala et al., 2005), according to916 Neuron 55, 905–918, September 20, 2007 ª2007 Elseviertdecay =
1
Ipeak
Z t0
tpeak
IðtÞdt;
where t0 was 20 ms after the peak for patch deactivation, 60 ms for
patch desensitization, and 60 ms for granule cell mEPSCs. The decay
times of individual granule cell mEPSCs were also calculated in this
manner, and the cumulative probability distributions shown reflect
this weighted decay measure. For this purpose, individual mEPSCs
were detected automatically using custom software in Igor Pro (Wave-
metrics) and then between 50 and 200 mEPSCs from each cell were
manually screened for events that did not contain ‘‘contaminating’’
noise or additionalmEPSCs during the 60ms after the peak, and decay
analysis was limited to these ‘‘clean’’ events. For mEPSCs recorded
from MSNs in acute slices of the striatum, individual and average
mEPSCs were well fit by a single-exponential function, so cumulative
probability distributions shown for these experiments reflect decay
times obtained directly from single-exponential fits rather than the
weighteddecaymeasure.Rise times reported for outside-out patchex-
periments were calculated bymeasuring the 20%–80% rise time, while
cumulative probability distributions of rise times formEPSCs reflect the
10%–90% rise time measured from individual mEPSCs. For compari-
sons of probability distributions, statistics were computed with a Kol-
mogorov-Smirnov test with a threshold of p = 0.05. For comparisons
of mean values across multiple conditions, statistics were computed
first with a Kruskal-Wallis test with a threshold of p = 0.05, and experi-
ments containing significant differences were further evaluated using
Wilcoxon post hoc tests where the threshold a = 0.05 was adjusted
by dividing a by the number of pairwise comparisons.
Computer Modeling
The kinetic model of AMPAR gating presented here was based on
a model proposed in a recent report (Zhang et al., 2006). The functions
describing themodel were implemented using SCoP, a software pack-
age by Simulation Resource, Inc. Initial parameters were based on
those reported by Zhang et al. (2006) for GluR2, with some modifica-
tions based on a similar model of GluR1 (Robert and Howe, 2003). A
least-square optimization algorithm was then performed in ScoP to
fit the various parameters to the deactivation and desensitization
data we obtained in our outside-out patch recordings containing
GluR1 with or without the TARPs g-2 and g-4.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/55/6/905/DC1/.
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